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(54) PVD-IMP tungsten and tungsten nitride as a liner, barrier, and/or seed layer 

(57) The disclosure relates to a method of deposit- 
ing a tungsten-based liner/barrier layer on a substrate 
(40), preferably using a high-density plasma PVD proc- 
ess, such as an ionized metal plasma (IMP) process or 
other processes with ionize a sputtered flux of material 
from a target. If a Ti and/or TIN liner/barrier layer (54) is 
deposited, the method reduces or eliminates the reac- 
tions between WF 6 and the Ti, TIN, and Si materials by 
depositing tungsten by PVD-IMP processing thereover. 
Tungsten may also be deposited in the presence of a 
nitrogen source to produce a tungsten nitride liner/bar- 
rier layer (52). The tungsten liner/barrier layer may be 
followed by another tungsten layer deposited by a CVD 
process. The tungsten and other materials can also be 
deposited by other processes such as electroplating 
processes and other types of PVD including non-ion- 
ized sputtering, collimated sputtering, and long throw 
sputtering. 
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Description 

[0001] The present invention relates to an apparatus and method for depositing tungsten layers on substrates Spe- 
cifically, the invention relates to a method and apparatus for depositing tungsten-containing materials as a liner barrier 
and/or seed layer. 

[0002] Sub-quarter micron multilevel metallization represents one of the key technologies for the next generation of 
ultra large scale integration (ULSI) for integrated circuits (IC). Reliable formation of multilevel interconnect features 
including contacts, vias, lines, and trenches is very important to the success of ULSI and to the continued effort to 
increase circuit density on individual substrates and die. As circuit densities increase, the widths of vias, contacts and 
other features decrease to 0.25 urn or less, whereas the thicknesses of the dielectric layers remains substantially con- 
stant, thereby increasing the aspect ratios for the features, i.e., their height divided by width. Many traditional deposition 
processes have difficulty filling structures where the aspect ratio exceeds 3:1, and particularly where the aspect ratio 
approaches 10:1. 

[0003] Traditionally aluminum has been used to form conductive features of IC's, such as lines, trenches and vias 
in semiconductor processing. Copper is now being accepted as a conductive material to be used in IC's because of a 
lower resistivity. However, copper presents its own difficulties in processing. For instance, copper readily diffuses into 
adjacent layers absent a barrier layer. Copper also readily oxidizes when exposed to ambient conditions thereby 
increasing the resistance of the copper feature and reducing the reliability of the overall circurt. Tungsten provides an 
alternative to aluminum and copper for vias, plugs, contacts, lines, trenches and other features. Tungsten has conven- 
tionally been used as a conductor at the first level of metal interconnects (M1 level). Although tungsten has a higher 
electrical resistivity (10 u^-cm) than aluminum and copper (3.1 u^-cm and 1.7 u^-cm, respectively), tungsten demon- 
strates fine-line patternability, suitable for the smaller features of the ULSI circuitry. Fine-line pattern ability refers to the 
characteristic of a material to be patterned and etched consistently and with straight sidewalls. Tungsten also provides 
excellent step coverage within features. 

[0004] However, each metallization scheme typically requires a liner layer and/or a barrier layer to be deposited in 
a feature formed within the dielectric material before depositing the aluminum, copper or tungsten conductor The liner 
layer provides good adhesion to the underlying material and the barrier layer prevents diffusion of the metal into adja- 
cent materials. Additionally, the barrier layer prevents unwanted reactions between underlying materials Liner and/or 
barrier layers are typically made of materials such as titanium (Ti), titanium nitride (TIN), tantalum (Ta), tantalum nitride 
(TaN) and other refractory metals and their nitrated counterparts. A thin layer of the liner/barrier layer material is pref- 
erably deposited conformally over the surface of the substrate including within a feature on both the sidewalls and the 
bottom of the feature. One problem with conventional liner and barrier layers is that they have a higher resistance than 
the metal which forms the feature. As a result, the overall resistance of the feature is increased. For example Ti has a 
resistance of about 40 u^-cm and TIN has a resistance of about 300 u^-cm to about 400 u^-crn. Ta has a typical resist- 
ance of about 160 u^i-cm and TaN has a typical resistance of about 240 ul^-crn. Thus, the barrier/liner materials exhibit 
a resistance of which is at least about five times that of conventional conductive materials. 

[0005] Additionally, tungsten is typically deposited on a substrate using a chemical vapor deposition (CVD) proc- 
ess. The typical CVD process uses hydrogen and tungsten hexafluoride (WF 6 ) as reactive gases for depositing tung- 
sten, known as a hydrogen reduction process. The reaction of hydrogen with WF 6 causes deposition of tungsten on the 
substrate 2, yields good step coverage, and is believed to have remaining byproducts of fluorine gases and hydrofluoric 
acid (HF). However, the hydrogen reduction process is relatively slow without an initial seed layer of tungsten and 
therefore another reduction process using silane with WF 6 is used to deposit an initial seed layer. The silane reduction 
process for depositing tungsten using a CVD process reacts silane with WF 6 and yields tungsten and other byproducts 
Some evidence suggests the byproducts could be SiHF 3 , HF, and/or SiF 4 . The silane reduction process provides a 
higher initial deposition rate than the hydrogen reduction reaction. Hydrogen reduction deposition is typically faster 
once the seed layer has been established. Therefore, CVD of tungsten typically is carried out as a two-step process 
wherein silane reduction is used to deposit a tungsten seed layer and then the hydrogen reduction process is used to 
complete the deposition. 

[0006] Figure 1 is a schematic view of a structure 2 formed on a substrate depicting challenges associated with 
CVD of tungsten. The substrate 2 includes the underlying wafer 10, doped region 1 1 and patterned dielectric layer 12 
A hner layer 1 6 of Ti is deposited over the dielectric layer 12 typically by a physical vapor deposition (PVD) followed by 
a barrier layer 18 of TiN. The TIN barrier layer 18 also acts as a wetting layer for a subsequent deposition such as alu- 
minum or aluminum alloys. The Ti layer is used as a liner layer and the TiN is used as a barrier layer to protect the 
underlying Ti and Si in the silicon oxide dielectric material. As aspect ratios of features increase, it is becoming more 
difficult to ensure conformal coverage of the sidewalls and bottom of a feature 14, especially at the lower corners 22 
between the sidewalls 14a and the bottom 14b. As a result, those areas are susceptible to chemical attack by the CVD 
W precursor gases used, such as WF 6 or byproducts. 

[0007] WF 6 and/or byproducts that can diffuse through the TiN layer and react with the underlying Ti layer 1 6 and 
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form defects in the various layers, known in the field as "wormholes 0 and "volcanoes". Wormholes 24, 26, and 28 are 
tunnels formed by the encroachment and tunneling under an oxide layer in the wafer 10, which can extend several 
tenths of a micron. Wormholes, such as wormhole 26, are typically void of material except for a tungsten particle 30 
deposited at their ends. 

5 [0008] The WF 6 and/or byproducts can also diffuse through the TiN layer 1 8 to react with the Ti in the underlying Ti 
layer 16 and form a volcano 32. The reaction reduces adhesion between Tin layer 1 8 and Ti layer 1 6 in the area where 
the reaction of Ti and WF 6 occurs. The TiN layer 1 8 delaminates as a result of a growth of tungsten between the Ti and 
TiN layers or by the production of TiF 4 gas or TiF 3 as a low density solid, thus forming the volcano 32. When the con- 
ductor layer 34 of tungsten is deposited on the TIN surface 1 8, a "mound" 36 forms over the volcano 32. The mound 36 

w adversely affects surface planarization, can cause short circuits in the metallization layer of the IC, and, thus, is unac- 
ceptable for multilevel metallization of ULSI circuitry. 

[0009] Efforts in the field have focused on processing techniques to enhance the effectiveness of TiN as a liner/bar- 
rier in tungsten deposition to avoid the reaction of tungsten with Ti and to produce a reliable structure using tungsten. 
Some efforts have studied an increased TiN layer thickness. However, simply increasing the TIN layer thickness is not 

15 a solution. As explained in at least one article, TiN Barrier Integrity And Volcano Formation In W-Plug Applications", S. 
Parikh, et al, Thin Solid Films 320, p. 26-30, Elsevier Science S.A. (1998), incorporated herein by reference, a thicker 
layer of TiN reduces the number of volcano occurrences, but increases the circuit resistance and produces larger vol- 
canoes when the volcanoes do occur. Another article, "Failure of Titanium Nitride Diffusion Barriers During Tungsten 
Chemical Vapor Deposition: Theory and Practice M. Rutten, et al., Conference Proceedings ULSI -VI I, Materials 

20 Research Society (1 992), also incorporated herein by reference, notes similar challenges and states that reactive sput- 
tering of TiN can eliminate the barrier attack, but yield an undesirably high resistance for contacts and vias. The article 
suggests creating a "bi-layer" deposition of Ti, followed by the introduction of nitrogen with Ti to produce a TiN layer over 
the Ti layer, followed by annealing with nitrogen to "stuff" any exposed Ti and promote better resistance to WF 6 attack. 
Another article, entitled "Integrated Barrier/Plug Fill Schemes for High Aspect Ratio Gb DRAM Contact Metallization", 

25 Yu-Pei Chen, et al, Thin Solid Films 320, p. 73-76, Elsevier Science S.A. (1998), incorporated herein by reference, con- 
cludes^that for tungsten plug contacts, a CVD Ti liner layer with a PECVD (plasma enhanced CVD) TiN barrier layer, 
and an IMP Ti liner layer with an ECVD (plasma enhanced metal organic CVD) TIN barrier layer show better contact 
integrity compared to a collimated PVD Ti liner layer with an ECVD TiN barrier layer for 0.3 urn, 5:1 aspect ratio con- 
tacts. The above articles demonstrate that prior efforts emphasize improving the effectiveness of Ti and/or TiN. Other 

30 efforts have sought to use TiW as a barrier layer, but the step coverage around the features is generally less than ade- 
quate for ULSI circuitry. 

[0010] There remains a need for an improved liner, barrier, and/or seed layer that reduces the attack of subsequent 
precursor reactants and promotes better conformal coverage of subsequent layers. 

[001 1] The present invention provides a method of depositing a tungsten-containing material as a liner/barrier layer 
35 on a substrate, preferably using a high-density plasma PVD process, typically referred to as an ionized metal plasma 
(IMP) process. Optionally, if a TI and/or TIN liner/barrier layer is deposited, the present invention provides a method of 
reducing or eliminating the reactions between WF 6 and the Ti, TIN, and Si materials by depositing tungsten using a 
PVD-IMP process to obtain an initial seed layer. Tungsten may also be deposited in the presence of a nitrogen source 
to produce a tungsten nitride liner/barrier layer. The tungsten liner/barrier layer may be followed by another tungsten 
40 layer deposited by a CVD process. Additionally, other conductive materials, such as aluminum and copper, can be 
deposited on one or more of the tungsten layers. The tungsten and other materials can be deposited by other processes 
such as other types of PVD processes including conventional sputtering, collimated sputtering, and long throw sputter- 
ing. 

[0012] In one aspect, the invention provides a method of depositing tungsten on a substrate, comprising sputtering 
45 tungsten from a target, passing at least a portion of the sputtered tungsten through an electromagnetic field disposed 
between the target and a substrate, and attracting the tungsten to the substrate to form a first tungsten layer, in another 
aspect, the invention provides a substrate, comprising a first tungsten layer deposited on the substrate by an ionized 
metal plasma process or other PVD processes that can provide good step coverage of high aspect features, followed 
by deposition of aluminum, copper or tungsten or combinations thereof. In another aspect, the invention provides a 
so method of depositing tungsten on a substrate, comprising biasing the substrate, depositing a first tungsten layer, and 
altering the film stress level of the multilevel substrate with the first tungsten layer. In another aspect, the invention pro- 
vides a method of depositing a tungsten layer on a substrate, comprising sputtering tungsten from a target, exposing 
the tungsten to nitrogen, and attracting the tungsten and nitrogen to a substrate to form a tungsten nitride layer. In 
another aspect, the invention provides a substrate comprising a barrier layer of sputtered tungsten nitride on a sub- 
55 strate. In another aspect, the invention provides a method of depositing tungsten on a substrate, comprising sputtering 
tungsten from a target to form a first tungsten layer and depositing a second tungsten layer by a CVD process on the 
first tungsten layer. In another aspect, the present invention provides a substrate processing system comprising a sput- 
tering chamber having a tungsten target disposed in the chamber connected to a first power supply and a substrate 
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support disposed in the chamber, a coil disposed between the target and the substrate support connected to a second 
power supply, and a controller that controls a first power output from the first power supply to sputter material from the 
tungsten target. 

[001 3] So that the manner in which the above recited features, advantages and objects of the present invention are 
attained and can be understood in detail, a more particular description of the invention, briefly summarized above may 
be had by reference to the embodiments thereof which are illustrated in the appended drawings. 
[0014] It is to be noted, however, that the appended drawings illustrate only typical embodiments of this invention 
and are therefore not to be considered limiting of its scope, forthe invention may admit to other equally effective embod- 
iments. 



10 



Figure 1 is a schematic view of a substrate, illustrating challenges associated with the typical deposition of Ti TiN 
and tungsten layers. 

Figure 2 is a schematic cross-sectional view of an IMP chamber. 
Figure 2A is a schematic cross-sectional view of a structure of the invention. 
15 Figure 2B is a schematic cross-sectional view of a structure of the invention. 

Figure 2C is a schematic cross-sectional view of a structure of the invention. 
Figure 3 is a schematic partial perspective view of an integrated processing system. 
Figure 3A is a schematic cross-sectional view of a CVD chamber. 

Figure 4 is a graph of the sheet resistance uniformity relative to different process parameters. 
20 Figure 5 is a graph of stress and R s uniformity relative to different process parameters. 

Figure 6 is a graph of the film resistivity relative to the film thickness with and without a substrate bias. 
Figure 7 is a representation of the IMP tungsten grain size without a substrate bias. 

Figure 8 is a representation of the IMP tungsten grain size with a 350 watt substrate bias and a 50% duty cycle 
Figure 9 is a representation of the IMP tungsten grain size with a 500 watt substrate bias and a 50% duty cycle 
Figure 10 is a representation of the IMP tungsten grain size with a 350 watt substrate bias and a 1 00% duty cycle 
Figure 1 1 is a representative graph of an XRD analysis for a CVD tungsten layer when an underlying IMP TiN layer 
is exposed to air before depositing the CVD tungsten layer. 

Figure 12 is a representative graph of an XRD analysis for a CVD tungsten layer when an underlying IMP tungsten 
layer is exposed to air before depositing the CVD tungsten layer. 
Figure 13 is a representative graph of fluorine diffusion through a Ti/TiN stack. 
Figure 14 is a representative graph of fluorine diffusion through a substrate stack according to one embodiment of 
the present invention with an IMP tungsten layer. 

[0015] The present invention provides a method of depositing a tungsten-containing material (herein generally 
referred to as tungsten) on a substrate using a PVD-IMP process for a variety of metallization schemes In some 
embodiments, the PVD-IMP tungsten layer is followed by a CVD tungsten layer deposited thereover and in other 
schemes, the PVD-IMP tungsten layer is followed by deposition of an aluminum or copper layer by PVD, PVD-IMP, CVD 
evaporation, electrochemical deposition processes such as electroplating, or other known methods. 

Exemplary PVD-IMP Processing Equipment 

[001 6] Figure 2 is a schematic cross-sectional view of an ion metal plasma (IMP) chamber 1 00. An IMP processing 
chamber, known as an IMP Vectra™ chamber, is available from Applied Materials, Inc. of Santa Clara, California The 
IMP chamber can be integrated into an Endura™ platform, also available from Applied Materials, Inc. The chamber 100 
includes sidewalls 1 01 , lid 1 02, and bottom 1 03. The lid 1 02 includes a target backing plate 1 04 which supports a target 
105 of the material to be deposited. An opening 108 in the chamber 100 provides access for a robot (not shown) to 
deliver and retrieve substrates 1 10 to and from the chamber 1 00. A substrate support 1 12 supports the substrate 1 1 0 
in the chamber and is typically grounded. The substrate support 1 12 is mounted on a lift motor 1 14 that raises and low- 
ers the substrate support 1 1 2 and a substrate 1 1 0 disposed thereon. A lift plate 1 1 6 connected to a lift motor 1 1 8 is 
mounted in the chamber 100 and raises and lowers pins 120a, 120b mounted in the substrate support 1 12. The pins 
120a, 120b raise and lower the substrate 110 from and to the surface of the substrate support 112 A coil 122 is 
mounted between the substrate support 1 1 2 and the target 1 05 and provides inductively coupled electromagnetic fields 
m the chamber 100 to assist in generating and maintaining a plasma between the target 105 and substrate 110 Power 
supplied to the coil 122 densities the plasma which ionizes the sputtered material. The ionized material is then directed 
toward the substrate 110 and deposited thereon. The term IMP as used herein includes any deposition procedure 
which ionizes sputtered material for deposition thereof. A shield 1 24 is disposed in the chamber 1 00 to shield the cham- 
ber sidewalls 1 01 from the sputtered material. The shield 124 also supports the coil 1 22 by supports 126 The supports 
1 26 electrically insulate the coil 1 22 from the shield 124 and the chamber 1 00. The clamp ring 1 28 is mounted between 
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the coil 122 and the substrate support 112 and shields an outer edge and backside of the substrate from sputtered 
materials when the substrate 1 1 0 is raised into a processing position to engage the lower portion of the cfamp ring 128. 
In some chamber configurations, the shield 124 supports the clamp ring 128 when the substrate 1 10 is lowered below 
the shield 124 to enable substrate transfer 

5 [0017] Three power supplies are used in this type of sputtering chamber A power supply 130 delivers preferably 
DC power to the target 105 to cause the processing gas to form a plasma, although RF power can be used. Magnets 
106a, 106b disposed behind the target backing plate 104 increase the density of electrons adjacent to the target 105, 
thus increasing ionization at the target to increase the sputtering efficiency, by generating magnetic field lines generally 
parallel to the face of the target, around which electrons are trapped in spinning orbits to increase the likelihood of a 

10 collision with, and ionization of, a gas atom for sputtering. A power supply 1 32, preferably a RF power supply, supplies 
electrical power to the coil 122 to increase the density of the plasma. Another power supply 134, typically a DC power 
supply, biases the substrate support 112 with respect to the plasma and provides directional attraction of the ionized 
sputtered material toward the substrate 110. 

[0018] Processing gas, such as an inert gas of argon or helium or a reactive gas such as nitrogen, is supplied to 
15 the chamber 100 through a gas inlet 136 from gas sources 138, 140 as metered by respective mass flow controllers 
142, 144. A vacuum pump 146 is connected to the chamber 100 at an exhaust port 148 to exhaust the chamber 100 
and maintain the desired pressure in the chamber 100. 

[0019] A controller 149 generally controls the functions of the power supplies, lift motors, mass flow controllers for 
gas injection, vacuum pump, and other associated chamber components and functions. The controller controls the 

20 power supply 1 30 coupled to the target 1 05 to cause the processing gas to form a plasma and sputter the target mate- 
rial. The controller also controls the power supply 132 coupled to the coil 122 to increase the density of the plasma and 
ionize the sputtered material and the power supply 134 to provide directional attraction of the ionized sputtered material 
to the substrate surface. The controller 149 executes system control software stored in a memory, which in the preferred 
embodiment is a hard disk drive, and can include analog and digital input/output boards, interface boards, and stepper 

25 motor controller boards (not shown). Optical and/or magnetic sensors (not shown) are generally used to move and 
determine the position of movable mechanical assemblies. 

[0020] In operation, a robot (not shown) delivers a substrate 1 1 0 to the chamber 1 00 through the opening 108. The 
pins 120a, 120b are extended upward, lift the substrate 110 from the robot, and the robot retracts from the chamber 
100. The pins 120a, 120b lower the substrate 1 10 to the surface of the substrate support 112. The substrate support 

30 112 raises the substrate 110 to engage the clamp ring 128. A processing gas is injected into the chamber 100 and a 
plasma is generated between the target 1 05 and the substrate support 1 1 2 with power from the power supply 130. The 
power supply 132 delivers power to the coil, which densities the plasma and ionizes the sputtered target material leav- 
ing the target 105 to form sputtered material ions. The sputtered material ions are accelerated toward the biased sub- 
strate 110. The process pressure may be operated from about 5 to about 100 mTorr to increase the ionization 

35 probability of the sputtered material atoms as the atoms travel through the plasma region. After deposition, the sub- 
strate support is lowered, the pins 1 20a, 1 20b are raised to lift the substrate 1 1 0, a robot (not shown) enters the cham- 
ber 100, retrieves the substrate 110, and if desired, delivers another substrate for processing. 

PVD-IMP Tungsten Deposition as Liner, Barrier, and/or Seed Layer 

40 

[0021] Figure 2A is a schematic cross-sectional view of a device 2 with a tungsten liner/barrier layer of the present 
invention deposited in a feature 46 formed on the substrate 40. A dielectric layer 44 is deposited on the substrate 40 
and etched to form a feature 46, such as a via, contact, trench or line. The term "substrate" is broadly defined as the 
underlying material upon which the tungsten or other material is deposited. The dielectric layer 44 can be a pre-metal 

45 dielectric layer deposited over a silicon wafer or an intertevel dielectric layer. 

[0022] A liner layer 52 of Ti can be deposited on the dielectric layer 44 as a transition layer to promote adhesion to 
the underlying material and reduce contact/via resistance. The liner layer is preferably deposited using a PVD-IMP 
process and can be deposited by other methods such as CVD and other PVD processes, such as colli mated or long 
throw sputtering. Collimated sputtering is generally performed by placing a collimator (not shown) between the target 

so and the substrate to filter sputtered material traveling obliquely through the collimator. Long throw sputtering, also well 
known in the art, generally is performed by increasing the spacing from the target to the substrate. The extended dis- 
tance increases the probability that the sputtered material reaching the substrate is directed normal to the substrate 
surface. In some embodiments, a Ti layer may not be used as a liner layer if the tungsten has sufficient adhesion to the 
underlying layer for the particular application. Thus, the tungsten could also be deposited as a liner layer 52 without an 

55 underlying layer of Ti. 

[0023] A barrier layer 54 of tungsten, that can also function as a seed layer and a wetting layer, is then deposited 
over the Ti liner layer 52 using a PVD process, preferably an IMP process. In some applications, an additional barrier 
layer, such as a TIN layer may be deposited between the Ti liner layer 52 and tungsten barrier layer 54 to provide addi- 
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tional barrier properties. The TiN may be deposited using IMP PVD, other PVD processes and CVD. 
[0024] An exemplary process regime for the IMP tungsten is as follows for a 200 mm wafer in an IMP chamber such 
as described in reference to Figure 2. A noble gas, such as helium or argon, is flown into the chamber at a rate sufficient 
to produce a chamber pressure of about 5 to about 1 00 mTorr, preferably about 20 mTorr to about 50 mTorr and most 
preferabhy about 30 mTorr. The power supply 130 delivers about 200 watts (W) to about 6 kW, preferably about 0 75 KW 

n ThT\ 1 JS? T P L 6ferably ab ° Ut 1 kW> l ° 3 tUn9Sten t3rget 1 ° 5 - The P° wer SU PP'V 1 3 2 Olivers about 500 W 
to about 5 kW, preferably about 1 .5 kW to about 2.5 kW and most preferably about 2 kW, to the coil 122 The power 

m P , P L 134 ? liVerS abOUt ° W t0 ab ° Ut 600 W ' P referab, V about 350 W to about 500 W and most preferably about 450 
W. to the substrate support 1 12 with a duty cycle between 0% to 100% and preferably about 50% to about 100% and 
most preferably about 1 00%. The substrate is maintained at a temperature between about 1 0°C and about 400°C pref- 
erably below 300°C. Tungsten is deposited on the substrate to a thickness of less than about 2000 A ' 
[0025] Other tungsten-containing materials, such as tungsten nitride, can be deposited by exposing tungsten to a 
nitrogen atmosphere in stoichiometric and non-stoichiometric ratios to form tungsten nitride (WN X where 0<x<2) Tuno- 
ster .nitride forms a good barrier layer to the diffusion of materials, such as fluorine, aluminum and copper A tungsten 
nrtr.de layer can be used in process sequences which traditionally used a TiN layer. A tungsten layer could be deposited 
over the tungsten nitride layer in accordance with the invention. 

[0026] One example of a processing regime in which a tungsten nitride layer deposited on a 200 mm substrate is 
to apply about 1 kW of DC power to a tungsten target 105, about 2 kW of RF power to the coil 122, flow nitrogen at 

c °™ „ arg ° n 31 ab ° Ut 50 SCCm int ° the chamber 10 °. and bias the substrate 1 10 to about 400 watts with 

a SC )/o duty cycle although the level of bias is generally not critical. It has been found that the thickness of the tungsten 
nrtr.de layer preferably should be at least about 150 A on field areas between features on the substrate and at least 
about 20 A on the sidewalls of the features to effectively reduce the diffusion of copper 

[0027] The tungsten layer deposited using PVD-IMP has about 1/20 of the resistance of the TiN layer (1 0 uil-cm 
compared to 200-300 nii-cm). While some aspects of the invention are discussed in reference to an PVD IMP chamber 
with a co.l deposed therein, it is to be understood that the invention includes other PVD techniques which use ionization 
m^», SP ^ ° m 8 tar9et indUdin9 h0l,OW catnode magnetron and electron cyclotron resonance techniques 
[0028] Characteristics of the IMP tungsten layer were investigated for a variety of processing regimes and are 
described ,n reference to Figures 4-14 below. For instance, rt was discovered that resistance of the layer varies with 
increasing substrate bias. It was also discovered that the IMP tungsten film stress could be altered between various ten- 
sile and compressive stress levels to offset a film stress in other layers of the substrate. Other characteristics such as 
grain size, air exposure, and diffusion were also investigated. 
[0029] The deposition of tungsten-containing materials by a PVD or IMP process can be used in several metalliza- 
tion schemes, such as discussed below. 

35 Metallization Scheme of CVD Tungsten 

[0030] Figure 2B is a schematic view of a substrate 40 having a feature 46 formed thereon. A liner layer 52 of Ti 
and a barrier Iayer54 of tungsten ortungsten nitride are formed on the pattered surfaces of the dielectric layer 44 Addi- 
~> owo 3n lntermediate la y er of ™ could also ba deposited thereon (not shown). The barrier layer 54 is deposited by 
40 a PVD process or a PVD-IMP process and provides a nucleation layer for subsequent tungsten growth using a CVD 
process. One exemplary CVD process includes the hydrogen reduction process in which hydrogen is reacted with WF« 

n«tI°H 3 tL !? 9Ste ,w lay . er 56 ° n the substrate and fo ™* a t^9Sten Pl"9 47. WF 6 attack on the underlying Ti is elim- 
inated by prov.ding PVD W deposition prior to CVD of tungsten. The gas flows and ratios can be varied widely to dep- 
« cn T TP 516 " ^ ° ther conductive materials and to produce a chamber pressure between about 1 torr and about 
500 torr - Also - the wafer temperature can vary between about 200°C and about 500»C. The layer can be planarized for 
instance, by chemical mechanical polishing (CMP) to form a tungsten plug or otherfeature at any level in the substrate 
[0031] One exemplary CVD tungsten process regime for a 200 mm wafer using a hydrogen reduction process by a 
* harma ' rea f on ,n a WxZ ™ chamber is described in reference to Figure 3A. The substrate is loaded into the chamber 
150 and onto a susceptor 158. The substrate is heated to about 425°C. Argon and hydrogen gases are mixed in the 
mixing system 172 and flown into the chamber at a rate of about 6000 standard cubic centimeters (seem) and 6500 
seem, respectively, to increase the chamber pressure to about 300 torr. A spacing of about 400 mils is provided 

b H^ e Tt? e S k f^ 6 and 938 manif °' d 154 - Purge 9aS ' SUCh as hydrogen and ^on, may be flown next to the 
edge of the substrate to ass.st in controlling deposition on the substrate edge and backside of the substrate The flow 
S ° f ar 9° n and ^ydrogen are reduced to about 3500 seem and 1000 seem, respectively, and the process is stabi- 
lized. VVF 6 .s then lowed at a rate of about 250 seem and mixed with the argon and hydrogen. The gases react and 
deposrt a tungsten layer on the substrate. A backside pressure of about 35 torr is applied to the substrate. The chamber 
is purged by increasing the argon and hydrogen flow rates to about 6000 seem and 6500 seem respectively. The sus- 
ceptor is lowered and the substrate is removed from the chamber for further processing as desired 
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Metallization Scheme of PVD-IMP Wetting Layer for Aluminum/Copper CVD and PVD Processing 

[0032] The present invention can also be used for aluminum deposition processing, including forming a contact. 
Figure 2C is a schematic view of a substrate 40 having a feature 46 formed thereon. The substrate 40 can have a similar 

5 stack of a liner layer 52 of Ti and a barrier layer 54 of tungsten or tungsten nitride, as described in reference to Figure 
2A. The liner layer 52 of Ti can be deposited using several processes including PVD processes and preferably an IMP 
PVD process. The barrier layer 54 of tungsten, deposited by a PVD process and preferably an IMP PVD process, acts 
as a barrier to prevent reaction of aluminum with Ti. The tungsten layer can also act as a wetting layer for subsequent 
deposition of aluminum, aluminum/copper alloys, copper, or other conductive materials. Tungsten has been shown to 

10 have similar wetting capabilities as TiN for aluminum, as described in "A New Four-Level Metal Interconnect System 
Tailored to an Advanced 0.5-um BiCMOS Technology" by Ralph N., Wall, IEEE Transactions on Semiconductor Manu- 
facturing, Vol. 11, No. 4, November 1998. 

[0033] Aluminum, as well as aluminum doped with copper and copper, can generally be deposited by several proc- 
esses including PVD processes such as IMP, collimated, and long throw sputtering, CVD processes, electroplating, 

15 evaporation, or other known methods. At the contact level, two methods particularly used are a flow deposition and a 
multi-step deposition. In flow deposition, aluminum is deposited onto the substrate with the tungsten liner in a PVD 
chamber such as the chamber described in reference to Figure 2 without using the coil 122 and associated power sup- 
ply 1 32. One simplified process regime for a 200 mm wafer is to flow argon into the chamber at a rate sufficient to create 
a pressure of about 1 mTorr to about 3 mTorr in the chamber, using the DC power supply 130 to deliver about 500 W to 

20 about 2 kW and preferably about 1 kW to about 2 kW to an aluminum target to create a plasma. The substrate temper- 
ature is about 425°C to about 500°C. The argon ions dislodge aluminum from the target and the sputtered aluminum 
material is deposited on the substrate. The substrate is subsequently heated to a temperature of about 500°C to about 
550°C to flow the aluminum and fill the contact without having to use a plasma. 

[0034] In an exemplary multi-step deposition method, using the methods and regimes described herein, a wetting 
25 layer, such as a Ti layer, is deposited on a tungsten liner, followed by a "cold", i.e. , low temperature, deposition of a con- 
formal aluminum wetting layer, and then a sputter deposition of aluminum to fill the feature and a sputter deposition of 
a top aluminum layer to improve the aluminum reflectivity for subsequent processing. The cold aluminum wetting layer 
can be deposited by various techniques. One technique for a 200 mm wafer in a PVD chamber for aspect ratios up to 
3:1 includes applying a DC power of about 9 kW to about 12 kW to an aluminum target, flowing argon or some other 
30 inert gas into the chamber sufficient to create a chamber pressure of about 1 mTorr to about 3 mTorr. The wafer tem- 
perature is about 50°C or less during the deposition. 

[0035] The aluminum material and other materials can be deposited also by a CVD process. For instance, a CVD 
process could be used to form the wetting layer of aluminum in the mufti-step deposition process. The CVD process 
could also be used to fill the feature. However, preferably, the CVD process is used to create the aluminum wetting layer 
35 which is then followed by PVD of aluminum to fill the feature. A CVD process for aluminum could include the use of 
dimethyl aluminum hydride ("DMAH*) and hydrogen as precursor gases according to the following equation: 

(CH 3 ) 2 AI-H + H 2 -> Al +CH 4 + H 2 

to An exemplary CVD chamber is described in reference to Figure 3 A. An exemplary process regime is as follows for 
depositing a wetting layer of aluminum. DMAH and hydrogen gas are flown into a CVD chamber 150 to establish a 
chamber pressure of between about 1 torr and about 80 torr and preferably about 23 mTorr to about 27 mTorr. An inert 
gas, such as argon or helium, is flown into a CVD chamber 150 to establish a pressure below the substrate, /.e., back- 
side pressure, of about 9 torr to about 1 1 torr. The wafer is heated to about 200°C to about 250°C and a wafer to gas 

45 distribution manifold 154 spacing is set at about 320 mils to about 370 mils through which the DMAH is flown. A CVD 
wetting layer thickness of about 500 A to about 700 A is sufficient to wet a subsequent sputtering process. 
[0036] After the wetting layer is formed by either of the two deposition methods described above, a PVD process is 
used to sputter aluminum from an aluminum target to fill the feature. An exemplary process regime uses a DC power 
supply, such as power supply 130 in the chamber 100 shown in Figure 2, to supply about 1 kW to about 2 kW to an 

so aluminum target and flowing argon or some other inert gas into the chamber sufficient to create a chamber pressure of 
about 1 mTorr to about 3 mTorr. The wafer temperature is about 375°C to about 500°C during the deposition. A top layer 
of aluminum of about 1 000 A to about 2000 A is deposited thereafter preferably by sputtering to improve the reflectivity 
of the aluminum fill layer for subsequent processing. The primary difference in the sputtering regime of the aluminum 
top layer is an increase in DC power to the target of about 9 kW to about 12 kW. 

55 [0037] Alternatively, the aluminum deposition can occur directly on the tungsten liner/barrier layer instead of the Ti 
wetting layer. The tungsten provides wetting capabilities for the aluminum. An advantage is that tungsten has less resis- 
tivity than Ti and thus reduces the overall stack resistivity. Also, eliminating the Ti layer simplifies the overall process. 
[0038] A similar metallization scheme can apply to the deposition of copper, copper containing materials, and alu- 



7 

BNSDOCIO: <EP 1094504A2_I_> 



EP 1 094 504 A2 



10 



15 



20 



25 



30 



40 



50 



55 



minum/copper alloys. For instance, a CVD copper wetting layer can be deposited over the Ti and/or tungsten layer fol- 
lowed by a PVD-IMP deposition of copper. 

[0039] A CVD copper wetting layer may be deposited using by any known CVD copper process or precursor gas 
including Cu +2 (hfac) 2 and Cu +2 (fod) 2 (fod being an abbreviation for heptafluoro dimethyl octanediene), but preferably 
the process uses the volatile liquid complex copper* 1 hfac,TMVS (hfac being an abbreviation for the hexafluoro acety- 
lacetonate anion and TMVS being an abbreviation for trimethylvinylsilane) with argon as the carrier gas. Because this 
complex is a liquid under ambient conditions, it can be utilized in standard CVD bubbler precursor delivery systems cur- 
rently used in semiconductor fabrication. Both TMVS and copper +2 (hfac) 2 are volatile byproducts of the deposition 
reaction that are exhausted from the chamber. The deposition reaction is believed to proceed according to the following 
mechanism, in which (s) denotes interaction with a surface and (g) denotes the gas phase. 



2Cu+ 1 hfac,TMVS(g) > 2Cu +1 hfac,TMVS(s) ste p (1 ) 

2Cu +1 hfac,TMVS(s) > 2Cu +1 hfac(s) + 2TMVS(g) ste p (2) 

2Cu +1 hfac(s) > Cu(s) + Cu+ 2 (hfac) 2 (g) step (3) 

[0040] In step 1, the complex is adsorbed from the gas phase onto a metallic surface. In step 2, the coordinated 
olefin (TMVS in this specific case) dissociates from the complex as a free gas leaving behind Cu +1 hfac as an unstable 
compound. In step 3, the Cu +1 hfac disproportio nates to yield copper metal and volatile Cu +2 (hfac) 2 . The disproportion- 
ation at CVD temperatures appears to be most strongly catalyzed by metallic or electrically conducting surfaces. In an 
alternative reaction, the organometallic copper complex can be reduced by hydrogen to yield metallic copper. 
[0041] The volatile liquid complex, Cu +1 hfac,TMVS, can be used to deposit copper through either a thermal or 
plasma based process. The substrate temperature for the plasma enhanced process is preferably between about 
100°C and about 400°C, while that for the thermal process is between about 50°C and about 300°C, most preferably 
about 1 70°C. Following either of these processes, a CVD copper wetting layer, such as Ti or Ta or tungsten may be 
provided over the nucleation layer. Alternatively, electroplated copper may be used in combination with or in'replace- 
ment of the CVD copper wetting layer. 

[0042] Following deposition of a copper wetting layer, the substrate is sent to a PVD-IMP chamber to sputter 
deposit copper below the melting point temperature of the copper. It is preferred that the PVD-IMP copper be deposited 
at a substrate temperature below about 550°C, preferably below about 400°C. The copper layers start to flow during the 
PVD deposition process at above 200°C. A substrate temperatures above the melting point of aluminum (>660°C) is 
not required with the wetting layer. Therefore, the application of a thin wetting layer enables planarization of the copper 
to be achieved at temperatures below the melting point of the copper. The CVD copper process is explained more fully 
in co-pending U.S. Appl. No. 08/792,292 entitled "Low Temperature Integrated Via And Trench Fill Process And Appa- 
ratus", filed January 31,1 997 and is incorporated herein by reference. 

[0043] The tungsten can also form a seed layerfor other deposition techniques. For example, it is believed that cop- 
per can be deposited over the seed layer by applying an electrical current to the edge of the tungsten layer and plating 
copper from an electrolytic solution. One such system that can be used to advantage is an Electra™ Cu ECP system, 
available from Applied Materials, Inc. of Santa Clara, California. It is also believed that a layer of tungsten can be depos- 
ited by an electroplating process on the tungsten seed layer by techniques similar to techniques used in electroplating 
copper and other conductive materials. 

System Equipment 

[0044] The PVD-IMP chamber of Figure 2 can be incorporated into an integrated processing system having multi- 
ple chambers. Figure 3 is a schematic top view of an exemplary processing system 350. A portion of the lid 374 has 
been cut away to reveal details of the processing system 350. The processing system 350 is typically known as a cluster 
tool. Two such systems are the Centura® and the Endura® systems, both available from Applied Materials, Inc. The 
details of one such staged-vacuum substrate processing system is disclosed in United States Patent No. 5 186 718 
entitled "Staged-Vacuum Wafer Processing System and Method," Tepman et aL, issued on February 16, 1993, which 
is incorporated herein by reference. The exact arrangement and combination of the chambers may be altered for pur- 
poses of performing specific steps of a fabrication process. 

[0045] The processing system 350 generally comprises a plurality of chambers and robots and is preferably 
equipped with a microprocessor/controller 352 programmed to control the various processing methods performed in the 
processing system 350. A front-end environment 354 is shown positioned in selective communication with a pair of load 
lock chambers 356. A pod loader 358 disposed in the front-end environment 354 is capable of linear and rotational 
movement to shuttle cassettes of substrates to and from the load locks 356. The load locks 356 provide a first vacuum 
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interface between the front-end environment 354 and a transfer chamber 360. A robot 362 is centrally disposed in the 
transfer chamber 360 to transfer substrates from the load locks 356 to one of the various processing chambers 364 and 
service chambers 365. The robot 362 is a frog-leg type robot capable of extension, retraction, and rotation and is actu- 
ated by a stepper motor. A support member 366 connected to the robot linkage 368 is adapted to support a substrate 

5 370 during transfer through the transfer chamber 360 and between the chambers 364, 365 and the load locks 356. The 
processing chambers 364 may perform any number of processes such as PVD, CVD, electroplating and etching while 
the service chambers 365 are adapted for degassing, orientation, cool down and the like. A number of view ports 372 
formed in a lid 374 of the transfer chamber 360 provide visual access into the transfer chamber 360. While the above 
system is exemplary, the invention has application in any arrangement that requires the deposition of tungsten, alumi- 

io num, copper, and other materials, and, thus, it is understood that other applications of the invention are contemplated. 
[0046] Figure 3A is a schematic cross section view of an exemplary CVD chamber 150 that can be used in the 
processing system 350. One suitable CVD plasma reactor in which a CVD layer can be deposited is a WxZ™ chamber, 
also available from Applied Materials, Inc. Chamber 150 contains a gas distribution manifold 154 for dispersing process 
gases through perforated holes (not shown) in the manifold to a substrate 156 that rests on a substrate support plate 

75 orsusceptor 158. 

[0047] Susceptor 158 is resistively heated and mounted on a support stem 160 so that susceptor 158 (and the sub- 
strate 156 supported on the upper surface of susceptor 158) can be controllably moved by a lift motor 162 between a 
lower loading/off-loading position and an upper processing position which is closely adjacent to the manifold 154. 
[0048] When susceptor 158 and the substrate 156 are in the processing position, they are surrounded by a ring 
20 1 64. During processing, gases inlet to manifold 1 54 are uniformly distributed radially across the surface of the substrate 
156. The gases exhaust through a port 166 by a vacuum pump system 168 having a throttle valve (not shown) to control 
exhaust rate of gas from the chamber 150. 

[0049] Before reaching manifold 154, deposition and carrier gases are input through gas supply lines 170 into a 
mixing system 172 where they are combined and then sent to manifold 154. Generally, the process gas supply lines 
25 1 70 for each of the process gases include i) safety shut-off valves (not shown) that can be used to automatically or man- 
ually shut off the flow of process gas into the chamber 150, and ii) mass flow controllers (also not shown) that measure 
the flow of gas through the gas supply lines 170. When toxic gases are used in the process, several safety shut-off 
valves are positioned on each gas supply line in conventional configurations. 

[0050] In a plasma enhanced process, a controlled plasma is formed adjacent to the substrate 156 by RF energy 
30 applied to the manifold 1 54 from RF power supply 1 74 (with susceptor 1 58 grounded). Gas distribution manifold 1 54 is 
also an RF electrode, while susceptor 158 is grounded. RF power supply 174 scan supply either single or mixed fre- 
quency RF power to manifold 154 to enhance the decomposition of reactive species introduced into chamber 150. A 
mixed frequency RF power supply typically supplies power at a high RF frequency (RF1) of 13.56 MHz and at a low RF 
frequency (FIF2) of 350 kHz. 

35 [0051] Heat is provided to the susceptor 158 by a resistive heat coil embedded in the susceptor 158. This additional 
heat compensates for the natural heat loss pattern of the susceptor and provides rapid and uniform susceptor and sub- 
strate heating for effecting deposition. 

[0052] Typically, any or all of the chamber lining, gas inlet manifold faceplate, support stem 1 60, and various other 
reactor hardware is made out of material such as aluminum or aluminum oxide. An example of such a CVD reactor is 
40 described in U.S. Patent No. 5,000,1 13, entitled Thermal CVD/PECVD Reactor and Use for Thermal Chemical Vapor 
Deposition of Silicon Dioxide and In-situ Multi-step Planarized Process," issued to Wang et al., incorporated herein by 
reference, and assigned to Applied Materials, Inc., the assignee of the present invention. 

[0053] The lift motor 1 62, the gas mixing system 1 72, and the RF power supply 1 74 are controlled by a system con- 
troller 176 over control lines 178. The reactor includes analog assemblies such as mass flow controllers (MFCs), RF 
45 generators, and lamp magnet drivers that are controlled by the system controller 176 which executes system control 
software stored in a memory 180, preferably a hard disk drive. Motors and optical sensors (not shown) are used to move 
and determine the position of movable mechanical assemblies such as the throttle valve of the vacuum system 1 68 and 
motor for positioning the susceptor 1 58. 

[0054] The system controller 1 76 controls all of the activities of the CVD reactor and a preferred embodiment of the 
so controller 1 76 includes a hard disk drive, a floppy disk drive, and a card rack (not shown). The card rack contains a sin- 
gle board computer (SBC), analog and digital input/output boards, interface boards and stepper motor controller 
boards. The system controller 176 conforms to the Versa Modular Europeans (VME) standard which defines board, 
card cage, bus structure, and connector dimensions and types. 

[0055] The system controller 1 76 operates under the control of a computer program stored on the hard disk drive 
55 180. The computer program dictates the timing, mixture of gases, RF power levels, susceptor position, and other 
parameters of a particular process. 

[0056] Several aspects of the present invention were investigated using chambers and systems similar to the cham- 
bers and processing system shown in Figures 2, 3, and 3A and are described below. 
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Investigated Characteristics of IMP PVD Tungsten Deposition 

fnr 5 ?h* n IMP , tU "9 Sten ^position process was investigated using a Vectra™ chamber from Applied Materials 
inn IS P ™ess included P rovidl "9 an argon flow in a Vectra- IMP chamber to achieve a pressure between abort 0 
omtSr rf ? deS,9n ° f eXperiments ' referred to « a DOE, was conducted to characterize the IMP Tungsten 

process performance. In a typ.cal DOE, a single parameter is changed while other parameters remain cons^n and he 
results and trends are charted. Unless otherwise stated, the DC power applied to theYameT 1 n^ Jh^n p of 
was set at about ,000 watts to establish a suitab.e deposition nJL*e^£^£%££Z£ r substrate 

tZ rate ^m n s ?:° CeSS P T SUre W6re the reSU ' tinS ' MP tU "9 Sten sheet res ^ce « £ES 

t.on rate, and f.lm stress were characterized. The DOE characterization is shown in Figures 4 and 5 and the rJunL 
characteristics of the films from various combinations of parameters are described below 9 

Sheet Resistance Uniformity 

' 5 S a «H Fi9U *! 4 '« 3 9raPh ° f Sh6et resistanoe uniformity for fi.ms formed using different process parameters 
Si SL. « T 5 6 ^ ° f Varyin9 SUbStmte biaS While the chamber P^ure is held constant during proc^a 
abom 7* "SiT"? t ""T 6 WhUe SUbStrate biaS fS he ' d COnStant ' The film was abo" 4% to 

20 [0059] A higher substrate bias in IMP tungsten processing results in a significant improvement in uniforms Th* 
sheet r e Slst ance uniformity of a substrate was measured by applying a subsJe bias of abo uTsScTwatts ^)Cto^he sub- 

Th! chl?" 19 3 bi3S ° f ab ° Ut 1000 ^ DC t0 the target " and a PP'y in 9 ab °* 2000 watts RF totae IMPcoH 

The chamber pressure was maintained at about 30 mTorr. At those parameters the sheet resistance uniformHv wJl" 
measured, resulting in a value of about 1 1%. By changing the substrate bias to about 50 T^t^^ZZTe 

Zt T 1 k 00 WattS ' COi ' biaS 31 3b0Ut 2000 WattS ' and the chambe ' P^ssure J££ 30 IS the un' 

formrty .mproved to about 5%. Thus, the uniformity was improved about 6% by adjusting the substrate DC bias 

Film Stress 

[0060] The stress of the tungsten deposition was also investigated. Stress on the film caused bv deoosition ™nm 

from t?: VT* "'If W ° Uld tyPi0a " y t6nd l ° b6nd the fNm in 3 COncave ™™ Z£Zt*STn*2Z 
ram the underlying surface or layer on which the film is deposited and may cause delamination of thf film froml^ 

that ^ StreSS , ^ alS ° be ""V*— which w ou.d typically tend to bend the film in a conS Zner 
that .s, the .nner surfaces of the film bend away from underlying surface or layer and may cause delaminaton oHhe 
inner surfaces of the film layer from the underlying surface or layer. anamination of the 

Snn^L , "I"'*™* 9raph ° f fi ' m St,BSS re ' atiVe 10 different P rocess P^meters, such as a coil bias between about 
o ^HZ TT 2 ? 0 WattS ' a " Ar f ' OW betW6en ab0Ut 35 Sccm to about 85 «*™. ™« a substrate bias Sween abou 
0 watte to abou 500 watts. The y-axis indicates that the tungsten film stress can be controlled by va^ ng Te paSne 
ters shown on the x-axis. The lower set of lines in zone 200 represents the stress results of anTwP tungsten^ver 

SSr T'l^r ent0rS haVe discovered that the « lm stress level is tunable and can be significantly lowered compared 
SlTaTo^ 

45 ™J • AP r Crea ? thS RF P ° Wer t0 the CO "' n0lding tne araon flow and substrate bias constant increased the 
compress^ stress while decreasing the tensile stress of the film. An increase in argon flow holding the R F „ 
substrate b,as constant, increased the tensi.e stress of the film. An increase in substrate l7s, ho Sing the RF powe and 
argon flow constant, decreased the tensi.e stress, reversed the stress to a compressive stress, and then "created the 
ToZTtZ' LtT. L nStanC !' ^ ° n 3 SUbStrate WaS meaSured whe " a s^strate bias at about O wTttt was 

Kambe ^at?^ raraTrouTS **** T *" * *" ' MP C ° iL Arg0n «~ flown int0 the P^ ! 

Zn*Z ° * 65 SCCm - The P arameters res "'ted in a stress level of about 3 3 x 10 10 dyne/cm 2 

" lo-^^ir and malma ' ni " 9 me rf * na si,bara " ■** me «is »xz 

[0065J ^o^nto^^e'.dWatthesubsMeblaspo^ 
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instance, by applying a substrate bias of about 0 watts to the substrate and delivering about 2000 watts RF to the coil 
and flowing argon at a flow rate of about 85 seem, the film stress was about 3.0 x 10 10 dyne/cm 2 tensile. By changing 
the substrate bias to about 500 watts and maintaining the RF power and argon flow rate constant, the film stress 
changed to about 1.5 x 10 10 dyne/cm 2 compressive. 
s [0066] The results show that the present invention can be used to advantage to achieve an overall lower stress level 
of the stack by tuning the IMP tungsten layer to an appropriate offsetting stress, either tensile or compressive, to coun- 
terbalance other stresses in the multilevel stack caused by the various layer depositions. The amount of substrate bias 
can change the stress levels from a tensile stress to a compressive stress and vice versa. An overall low stress level is 
desired to prevent fracture and de lamination of the film stack and to improve overall device reliability. 

10 

Step Coverage 

[0067] The inventors discovered that the sidewall coverage of IMP tungsten was significantly higher than Tl and 
TiN, approximating two times the sidewall coverage of Ti and TIN. A thicker sidewall coverage is highly desired for IMP 

75 tungsten to be an effective barrier to protect the underlying Ti layer from WF 6 attack during the subsequent CVD tung- 
sten growth. The bottom coverage, especially in the corners and even in quarter-micron features with a 4:1 aspect ratio, 
was at least about 20% and typically about 40% to about 52%, which approximates three times the bottom coverage of 
traditional PVD processing for tungsten. The present invention also provides higher deposition rates for tungsten, 
approximating four times the deposition rate of TiN. 

20 [0068] Generally, applying a substrate bias to increase the ion energies flattened the bottom step coverage profile 
of the IMP tungsten layer. It is believed that the more energetic ions re-sputtered the sputtered material on the bottom 
center of the feature and re-deposited the material at the bottom corners to obtain the flatter profile. Thus, in using an 
IMP process, the substrate bias shapes the deposition on the substrate top and bottom corners and minimizes over- 
hang at the opening of the features. Because tungsten growth from the subsequent selective CVD deposition occurs 

25 from tungsten surfaces deposited in the IMP tungsten process, an overhang at the opening of the feature could cause 
the CVD tungsten to pinch off at the opening before the feature was completely filled, resulting in a void in the feature. 
Also, the overhang at the top corners could interfere with bottom coverage uniformity. It is believed that the top corners 
are also re-sputtered with the more energetic ions as the substrate bias increases to reduce the overhang. 

30 Film Resistivity Compared to Film Thickness 

[0069] The film resistivity was also investigated. Figure 6 is a graph of the film resistivity relative to the film thickness 
with and without a substrate bias. The substrate bias used was about 350 watts of DC bias power with a 50% duty cycle, 
the target bias was about 1000 watts of DC power, the coil bias was about 1500 watts of RF power, and the process 
35 pressure was about 1 6 mTorr. Figure 6 shows that the film resistivity was higher for thin films and decreased as the film 
thickness increased and that applying a substrate bias reduced the resistivity of the substrate. 

[0070] Other tests on resistivity revealed that a PVD-IMP/CVD tungsten stack has lower resistivity than an PVD- 
IMP TiN/CVD tungsten stack. The underlying PVD-IMP tungsten layer provided the lower and more desirable overall 
resistance of the substrate stack and even a lower CVD tungsten resistance than the CVD tungsten on the PVD-IMP 
ao TiN layer. Table 1 shows the tests measurements on the PVD-IMP TiN/CVD tungsten stack compared to the PVD-IMP 
tungsten/CVD tungsten stack. 



TABLE 1 



45 


Stack 


Total (A) 


R s Overall 
(tt-sq.) 


CVD W (A) 


Under 
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Grain Ori- 
ent. 
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W/PVD 
IMP TiN 


5347 


0.2173 


4747 
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14 


0.2207 


10.5 


200 


55 


CVD 
W/PVD- 
IMP W 


4737 


0.1951 


4237 


500 


2 


0.2162 


9.16 


110 



[0071] The overall resistivity of the first stack, having a CVD tungsten layer of about 4747 A thick deposited on a 
600 A thick PVD-IMP TIN layer for a total thickness of about 5347 A, was about 0.21 73 ft-sq. The overall resistivity of 
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the second stack, having a CVD tungsten layer of about 4237 A thick deposited on a 500 A thick PVD-IMP tunasten 

X?4 o ° f 4737 A ' ab ° Ut , 01951 Sh6et r6SiStance of the 600 A PVD-IMP TIN layer was 

Sim r !, S,StanCe ° f the 500 A PVD '' MP tU " 9Sten was about 2 The sheet resistance of 

he CVD tungsten layer on the PVD-IMP TIN was measured at 0.2207 «-sq. The sheet resistance of the CVD tungsten 

on th r p °rp e rT" IMP tUn£ f en ^ meaSUr6d at 021 62 Usin 9 those figure ^ tbe resistivity of the CVD tungsten 
on the IMP T,N layer was about 1 0.5 .fl-cm. In contrast, the resistivity of the CVD tungsten layer on the PVD-IMP Snq 
sten ayer was about 9. 1 6 ^-cm. It is believed the results are due to the CVD tungsten epiLial grain growth on the 
PVD Im? " " t "I" 9rain 5126 bBtWeen CVD tU " 9Sten de P° siled ° n the ™>™P TIN compared to he 

T PV^mp t" ° f tUn9Sten d6CreaSeS With inCreasing grain size " The grain s * e °f CVD tungsten on 

a PVD-IMP tungsten seed layer was about 0.3 H m. By comparison, the grain size of CVD tungsten on a PVDHMP ™ 
seed layer is typically about 0.1 u.m. 

Grain Size of IMP Tungsten 

orih.tr.trL 911 ' 68 wl° B Z Cross - sectional scannin 9 elect ™ microscopy (SEM) photographs, representing the effect 
TJ SS nr^H , , dUtY CyC ' e ° n 9,ain Si2e - The ' arger the 9rai " SEe ' the less the resisti ^ °f the layer due to 

TZZZeZ 7 tB e ' eCtr0nS ^ traVerSe ' R9Ure 7 rePreSentS the ,MP tUn9Sten ^ — Without using 

a substrate bias. Figure 8 represents the IMP tungsten grain size with a substrate bias of about 350 watts and a 50% 

-lit Tmp ' ar9e : than 9rain Si2S deP ° Sited With ° Ut USi " 9 a substrate bias as show " - R9ure 7. Rgure 9 rep! 
resents the IMP tungsten gra.n size using a substrate bias of about 500 watts and a 50% duty cycle and is even larger 
han the gram s,ze deposited using 350 watts and a 50% duty cycle as shown in Figure 8. Figured 0 represente the MP 
ungsten grain s.ze deposited using about 350 watts of substrate bias and a 100°! duty cycle, where the grSn stze is 
larger than the gram size deposited using about 350 watts of substrate bias and a 50% duty cycle as shown in Figure 
tUr m "2 7? 3 SUbStratS bi3S ° f 3b0Ut 350 WattS and 3 1 °° % du * c * cle as shown ir^Rgure 1 0 aTso appears 
in RoureTft" h , 2T t T U " n ° 3 bta8 ° f about 500 Watts and a «>% cycle as shown 

con ribLto h h,9her intenSitV ,r0m either,he inCreaS6d Substrate bias and/ °rthe higher duty cycle 

grain [sizes 9ra ' n ^ Wtth ,6SS defeCtS th3t ^ the b ° Undary ' ayer f ° rmati0n and resu,,s "W 

30 Air Exposure on CVD Tungsten Layer 

SI nf y?n ° f air f ^. posure on the tunosten la V er af ter an IMP TIN and IMP tungsten process is shown in the 
aS th. mp? yS6S ° f R9UreS 1 1 and 12 ' The XR ° analyseS indicate the grain orientati °n of the CVD tungsten 
! L WaS eXP ° Sed t0 air f ° r 3 Peri0d ° f time - An air ex P° sure c °"'d occur due to a delay in processing 

Snntint ^kV 1 '!! 3 9raph ° f an XR ° ana ' ySiS for 3 CVD ,a V er navi "9 a " underlying IMP TiN layer 

SSSit^SSrn- . tUn9St H n deP °f ,MP ™ ' ayer WaS 6Xp0Sed 10 air for about ^ — ba ^e a 
«, fJt h Th i , 9 yerWaS de P° srted on the IMP ^rand then the grain structure of the CVD layer was ana- 
£fof a cvnt t 6 r° ^ ' eXP ° SUre ^ b * a dashed line. Simi.ariy. the effect on the grain struc- 

svl Ll ™ ,i S T ye : fr ° m ab ° Ut 9 24 h ° Ur air eXp ° SUre 0n the ""denymg IMP TiN layer is represented by a 
™ d CVDt T*VZ m - ^ 500 C ° UntS fr ° m the daSh6d " ne t0 View both ,ines on tne sarne ^ph. The Zp 
I^coulT 6 " re T 8 T h ° Ur 6XPOSUre h3S 8 StmCtUre ° f "° «»* for a 9 rain orientation of 1 1 0, about 

6300 counts for a gra.n onentafon of 200, and no counts for erther grain orientation 21 1 or 220. The 24 hour exposure 
changed the structure significantly, demonstrating that the process was air sensrtive in that an air exposuri onT^MP 

about 500 counts of a gram orientation of 1 10, about 1 750 counts of a grain orientation of 200, about 1 50 
counts of a gram orientation of 21 1 . and about 50 counts of a grain orientation of 220 

E and I sh °^ S ; e P rasentative of an XRD for an IMP tungsten layer exposed to air for about two 

stmlre wfh th I r eP0S ' tm9 CVDtungsten la y er - The dashed line represents the results on the grain 

s nicture wrth the two hour exposure and the solid line represents the results on a grain structure with the 24 hour expo- 

th. two H 6re a9a,n S0Hd ' ine ^ 0ffSet by 500 COU " tS fr ° m the dashed line " ^ 9 rai " structure of the CVD layer vvith 
a o^n hOUr t eXpOSu ; e rt ° the ,MP ^ res "fted in about 4500 counts of a grain orientation of 1 10, about 500 counte of 

220 n conSto SSSp"?? 2 °°r<T ^ 3 9rain ° rienta,i ° n ° f 21 1 ' and ab0Ut 1 00 C0Unts — grai " ° ri -t a «on of 
rtte££7TJ?££ * r 9UrS 1 1 • 6Ven 24 h ° Ur reSU,tS did n0t Change the grain orientations sig- 

s^jiissr 8 process s so that desirabie process condwons cou,d be maintained 
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Fluorine Diffusion through IMP/CVD Tungsten 

[0076] The difference in fluorine diffusion barrier properties of IMP tungsten compared to IMP TiN was also inves- 
tigated. As described herein, fluorine diffusion can form compounds which create "volcanoes" that fracture the barrier 
5 film. 

[0077] Figure 1 3 is a representative graph of fluorine diffusion through a Ti/TiN stack. Figure 1 3 shows fluorine con- 
centration in atoms/cm 3 to demonstrate fluorine diffusion through a substrate stack having a silicon oxide dielectric 
layer, about a 1000 A thick layer of IMP Ti deposited thereon, about a 100 A thick layer of IMP TiN deposited on the IMP 
Ti layer, and CVD tungsten deposited on the TiN layer at about 425°C, using the WF 6 chemistry described herein. The 

10 stack was polished by CMP processes to improve the depth profile accuracy. The fluorine level, shown in Figure 13, in 
the CVD tungsten layer was about 4 x 10 19 atoms/cm 3 and began reducing near the tungsten/TiN interface. The TiN 
film acts as a banier and slows the fluorine diffusion. The solubility of fluorine in TiN is lower than in either tungsten or 
Ti and is shown by the drop in concentration. As the fluorine diffuses into the Ti, the concentration increases to about 3 
x 10 20 atoms/cm 3 in the TiN/Ti region at a depth of about 2000 A from the surface and then reduces logarithmically to 

15 a level of about 1 x 1 0 1 8 atoms/cm 3 near the Ti/Si0 2 interface. The area under the curve in the region between the tung- 
sten/TiN interface and the Ti/Si0 2 interface can be integrated to determine a "dosage level" of fluorine in that region. 
The dosage level in Figure 13 for that region is about 5 x 10 14 atoms/cm 2 . 

[0078] By contrast, Figure 1 4 is a graph of the fluorine concentration of one structure made in accordance with the 
present invention, having a silicon oxide dielectric layer, about a 1000 A thick layer of IMP Ti deposited thereon, about 

20 a 1 00 A thick IMP tungsten barrier layer deposited on the Ti layer, and a CVD tungsten layer deposited on the IMP tung- 
sten barrier layer. The substrate stack was likewise polished with a CMP process. The concentration of fluorine in the 
IMP/CVD tungsten films is about 3 x 10 19 atoms/cm 3 , similar to the starting level shown in Figure 13, but does not sig- 
nificantly rise in the Ti film like the level in Figure 13 nor does the fluorine concentration extend as deep as the concen- 
tration shown in Figure 13. The concentration reduces to about 1 x 10 17 atoms/cm 3 nearthe Ti/Si0 2 interface at a depth 

25 of about 2200 A from the stack surface. Integrating the area under the curve to obtain the dosage level in the Ti film 
yields about 3 x 10 13 atoms/cm 2 , a level that is about an order of magnitude less than the sample with the TiN/Ti com- 
bination shown in Figure 13. Thus, the IMP tungsten film is a significantly better barrier to fluorine diffusion from a sub- 
sequent CVD tungsten process than the IMP TiN film. 

[0079] While the foregoing is directed to the preferred embodiment of the present invention, other and further 
30 embodiments of the invention may be devised without departing from the basic scope thereof, and the scope thereof is 
determined by the claims that follow. 

Claims 

35 1 . A method of depositing tungsten on a substrate, comprising: 

a) sputtering tungsten from a target; 

b) passing at least a portion of the sputtered tungsten through an electromagnetic field disposed between the 
target and a substrate; and 

40 c) attracting the tungsten to the substrate to form a first tungsten layer. 

2. A method as claimed in claim 1 , wherein passing at least a portion of the sputtered tungsten through the electro- 
magnetic field comprises using an ionized metal plasma (IMP) process. 

45 3. A method as claimed in claim 1 or claim 2, further comprising depositing a second tungsten layer by a chemical 
vapor deposition (CVD) process on the first tungsten layer. 

4. A method as claimed in claim 3, wherein the chemical vapor deposition process of the second tungsten layer 
includes a hydrogen reduction of tungsten hexafluoride. 

50 

5. A method as claimed in any of claims 1 to 4, further comprising depositing a liner layer of a titanium material prior 
to forming the first tungsten layer. 

6. A method as claimed in any of claims 1 to 5, further comprising exposing the tungsten to nitrogen to deposit a tung- 
55 sten nitride layer. 

7. A method as claimed in any of claims 1 to 6, further comprising adjusting a stress level of the first tungsten layer by 
adjusting a substrate bias applied to the substrate. 
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8. A method as claimed in claim 7, wherein adjusting the stress level comprises lowering an overall substrate stress 
by tuning the first tungsten layer stress level. 

9. A method as claimed in any of claims 1 to 8, further comprising increasing a film thickness uniformity of the first 
5 tungsten layer by increasing a substrate bias applied to the substrate. 

10. A method as claimed in any of claims 1 to 9, further comprising depositing at least about 20% of the field coverage 
on the substrate in the bottom of a feature on the substrate by adjusting a substrate bias applied to the substrate. 

10 11. A method as claimed in any of claims 1 to 10, further comprising reducing the resistance of the substrate by 
increasing a substrate bias applied to the substrate. 

12. A method as claimed in any of claims 1 to 11 , further comprising depositing a conductive material over the first 
tungsten layer, the conductive layer comprising copper, aluminium, tungsten or combinations thereof. 

15 

13. A substrate, comprising a first tungsten layer deposited on the substrate produced by an ionization of sputtered 
tungsten material. 

14. A substrate as claimed in claim 13 or claim 14, further comprising a layer of titanium material disposed on the sub- 
20 strate prior to the first tungsten layer. 

15. A substrate as claimed in any of claims 13 to 16, wherein the first tungsten layer comprises tungsten nitride. 

1 6. A substrate as claimed in any of claims 1 3 to 1 7, wherein the substrate comprises at least one layer of conductive 
25 metal or allows thereof deposited over at least one tungsten layer. 

17. A substrate as claimed in any of claims 1 3 to 1 6, further comprising a second tungsten layer deposited on the first 
tungsten layer by a CVD process. 

30 18. A substrate as claimed in any of claims 13 to 16, wherein the second tungsten layer comprises a hydroqen reduc- 
tion of tungsten hexaf I uoride. 

19. A substrate as claimed in any of claims 13 to 1 6, further comprising a second tungsten layer deposited on the first 
tungsten layer by an electrochemical deposition process. 

35 

20. A substrate as claimed in any of claims 1 7 to 1 9, wherein the second tungsten layer has no substantial grain orien- 
tation change when the first tungsten layer is exposed to air for at least about 24 hours. 

21. A substrate as claimed in any of claims 17 to 20, wherein the first tungsten layer and second tungsten layer are 
*o deposited in a feature on the substrate. 

22. A substrate as claimed in claim 21 , wherein the feature comprises a plug on the substrate. 

23. A substrate as claimed in any of claims 13 to 22, wherein the film thickness uniformity of the first tungsten layer 
45 deposited in the bottom of a feature is 8% or less. 

24. A substrate as claimed in any of claims 13 to 22, wherein bottom coverage of the first tungsten layer deposited in 
a feature is about 20% or greater compared to the coverage of the substrate in field areas. 

so 25. A substrate as claimed in any of claims 1 3 to 24, wherein a stress level of the substrate stack measured prior to the 
deposition of the first tungsten layer has been lowered by an offsetting stress level in the first tungsten layer meas- 
ured after the deposition of the first tungsten layer. 

26. A substrate as claimed in any of claims 13 to 25, wherein the tungsten layer reduces fluoride diffusion into an 
55 underlying layer. 

27. A method of depositing tungsten on a multilevel substrate, comprising: 
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a) providing a substrate; 

b) biasing the substrate; 

c) depositing a first tungsten layer; and 

d) altering the film stress level of the multilevel substrate with the first tungsten layer. 

5 

28. A method of deposition a tungsten layer on a substrate, comprising: 

a) sputtering tungsten from a target; 

b) exposing the tungsten to nitrogen; and 

10 c) depositing the tungsten and nitrogen on a substrate to form a tungsten nitride layer. 

29. A method as claimed in claim 28, further comprising ionizing tungsten atoms with a plasma. 

30. A method as claimed in claim 28 or claim 29, further comprising depositing a conductive layer on the tungsten 
is nitride layer, the conductive layer comprising copper, aluminium, tungsten or combinations thereof. 

31. A substrate comprising a barrier layer of sputtered tungsten nitride on a substrate. 

32. A substrate as claimed in claim 31, wherein the sputtered tungsten nitride layer has a thickness of at least about 
20 250A. 

33. A substrate as claimed in claim 31 or claim 32, further comprising a layer of copper, aluminium, tungsten or com- 
binations thereof on the tungsten nitride barrier layer. 

25 34. A method of depositing tungsten on a substrate, comprising: 

a) sputtering tungsten from a target to form a first tungsten layer; and 

b) depositing a second tungsten layer by a chemical vapor deposition (CVD) process on the first tungsten layer. 
30 35. A method as claimed in claim 34, wherein the CVD process is a hydrogen reduction process of tungsten. 

36. A substrate processing system comprising: 

a) a sputtering chamber having a tungsten target disposed in the chamber connected to a first power supply 
35 and a substrate support disposed in the chamber; 

b) a coil disposed between the target and the substrate support connected to a second power supply; and 

c) a controller that controls a first power output from the first power supply to sputter material from the tungsten 
target 

40 37. A system as daimed in claim 36, wherein the controller further controls a second power output from the second 
power supply to ionize the sputtered material. 

38. A system as claimed in claim 37, wherein the controller further controls a third power output from a third power sup- 
ply that biases the substrate support to provides directional attraction of the ionized sputtered material. 

45 

39. A system as claimed in any of claims 36 to 38, further comprising a robot disposed adjacent the chamber that deliv- 
ers substrates to the chamber. 

40. A system as claimed in any of claims 36 to 39, further comprising a chemical vapor deposition chamber disposed 
so in proximity to the sputtering chamber. 
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